The aim of this research is to investigate the mode of crack propagation in zirconia toughened alumina (ZTA) added with MgO and CeO 2 , respectively. The mode of crack refers to the toughening mechanism of the materials. Different ZTA compositions containing MgO and CeO 2 as sintering additives were prepared using pressureless sintering at 1600°C. Each sample was subjected to Vickers indentation with 294 N load and the cracks that propagated were observed with SEM. The ZTA with an addition of 0.7 wt.% MgO showed a crack deflection with a fracture toughness value of 6.19 ± 0.26 MPa · √m. On the other hand, the ZTA with CeO 2 addition of 0.5 to 7 wt.% showed both crack bridging and deflection, and produced 5.78 ± 0.16 MPa · √m to 6.59 ± 0.23 MPa · √m fracture toughness values, respectively. The fracture toughness of the ZTA-MgO-CeO 2 compositions is higher due to crack bridging and crack deflection. The toughening mechanisms of crack deflection and bridging hinder crack propagation since more energy is required to make the crack propagate. However, the formation of CeAl 11 O 18 phase was observed; this consequently decreases the hardness and fracture toughness of the ZTAMgO-CeO 2 compositions.
Introduction
Al 2 O 3 can be considered as an all-rounded material for engineering ceramics. The properties of this ceramic are particularly attractive for structural applications such as in motor, aerospace, and biomedical fields, especially in severe environmental conditions [1] . Brittleness and poor damage tolerance have limited the scope of use as advanced engineering materials for almost all composition materials [2] . The fracture toughness of composition materials is generally low because the dislocation motion in the material is extremely limited due to the nature of the chemical bonds which are ionic and/or covalent. The problem of low fracture toughness in the ceramics can be overcome by designing and preparing the composite materials reinforced with fibers, whiskers, and particulates of the same phase as that of the matrix or of a different but suitable phase. The use of ZrO 2 -based ceramics is one of the possible alternatives to circumvent the limitation of low fracture toughness [3, 4] .
In spite of the variety of useful physical properties of sintered oxide ceramics that are based on chemically and thermally stable modification of α-Al 2 O 3 , their application as cutting tool inserts working under mechanical loads and thermal shock conditions is limited due to their brittleness and low strength. To overcome the brittleness, reinforcement such as YSZ is introduced into Al 2 O 3, producing zirconia toughened alumina (ZTA). YSZ increases the toughness by transforming the phase from ZrO 2(t) to ZrO 2(m) [5] [6] [7] .
Zirconia toughened Al 2 O 3 (ZTA) has been reported to be one of the most successful commercial ceramic-based cutting inserts which fully utilize the advantages of zirconia [2] . Recently, materials with certain intermetallic matrices were reported to may also benefit from the addition of zirconia particles. Dogan and Hawk applied 20 mass% of zirconia into MoSi 2 system which resulted in a 25-100% increase in fracture toughness of the material, depending upon which toughening mechanisms are activated.
Because strengthening increases linearly with the amount of tetragonal phase, zirconia with 100% of tetragonal phase gives the highest strength. In addition, zirconia with 100% of tetragonal phase is known as tetragonal zirconia polycrystals (TZP). The amount of oxide added must be limited so that the phase is still tetragonal during sintering. On the other hand, the amount must not be too small because the transformation of the tetragonal grains to the monoclinic state cannot be suppressed [8] .
Previous works [9] [10] [11] [12] [13] [14] have investigated the effects of various additives on the microstructural, mechanical properties, and tool wear of ZTA composites. Furthermore, their analysis has also proven that ZTA composite is an excellent candidate for cutting insert applications. However, their investigation on the toughness and crack behavior properties were not thorough as they only measured the fracture toughness of the composite, but did not observe and/or investigate the crack propagation behavior of their ceramic compositions. Therefore, the influence of sintering additives, such as MgO and CeO 2 with different volume fractions on the microstructural characteristics, fracture toughness, and crack behavior of ZTA compositions was investigated. The fracture toughness and hardness of each sample were determined at room temperature. In addition, bulk density, Vickers hardness, and phase identification of the sintered samples which are also dependent on sintering additives were determined.
Materials and methodology
Starting powders of highly pure, thermally reactive type Al 2 O 3 (Alcoa, A16SG, 99.0%), yttrium stabilized zirconia (Goodfellow, 94.6%), 20 nm MgO (Strem Chemicals, Inc., 99.9%), and CeO 2 (Sigma-Aldrich Corporation, 99.0%) were used. The particle size analysis of starting materials was carried out with Sympatec Nanophox (NX0064). In this work, 80 wt.% of Al 2 O 3 and 20 wt.% yttrium stabilized zirconia were taken as the baseline composition. The amount of MgO was fixed at 0.7 wt.% due to its excellent hardness values [9] . The ceria were added in different wt.% (0.5 to 7 wt.%) into the initial compositions. Table 1 shows the addition in weight percentage (wt.%) for each powder composition used. The mixtures were prepared by the wet milling method. Subsequently, the mixtures were dried to 100°C and crushed to form powders. Cylindrical shapes with dimensions of 13.0 mm in diameter and 4.0 mm in height were formed by pressing the crushed powder at 300 MPa. Afterwards, these cylindrical samples were sintered in atmosphere at 1600°C for 4 h to yield dense ceramics.
The density and porosity values were obtained according to the ASTM C 830-00 test procedure. The analysis of crystal structure was carried out by X-ray diffraction (XRD) using the Bruker D8 Advance with CuKa radiation (40 kV, 30 mA) diffracted beam monochromator, using a step scan mode with a step size of 0.1°in the range of 20°-80°o f 2θ°. Scanning electron microscopy (SEM) was employed to study the microstructure of the polished samples. The IMT iSolution DT software was used to discriminate and measure the percentage of each phase from the SEM microstructure. The fracture toughness, which is a critical mechanical property parameter in this work, was determined by the indentation technique. The samples were carefully diamondpolished to produce an optical finish. In the indentation test (Shimadzu Vickers hardness tester HSV-20, Japan), a 294 N load was applied by pressing the indenter onto the sample surface. Both the diagonal length of the indentation and crack length were measured. 10 indent points were made for each sample and the average was taken. K 1C (HV30) was calculated using Eq. (1) [15] :
where K 1C is the fracture toughness, H is Vickers hardness, a is the half length of Vickers diagonal (μm), E is the Young modulus of the samples, and l is the length of the radial crack size (μm). Young modulus for all the samples was determined using rules of mixtures and calculated with respect to the composition of each sample.
Results and discussion
Fig. 1 shows the average particle size, particle size distribution, and morphology for all of the raw powders used. The average particle sizes for Al 2 O 3 and YSZ were 1.05 μm and 0.71 μm, while the MgO nano particle and CeO 2 powder were 18.35 nm and 138.69 nm, respectively. Table 2 summarizes the overall results for grain size, Vickers hardness, fracture toughness, theoretical density, bulk density, and porosity. The comparison of crack propagation between pure Al 2 O 3 and ZTA is shown in Fig. 2 . The scanning electron microscope (SEM) micrographs of the indentation show cracks emanating from the corners of the Vickers indentation. The crack mode for both samples resulted in some crack deflections, as indicated by the white arrows at the Al 2 O 3 and YSZ grains. However, the propagated crack experienced less deflection in pure Al 2 O 3 compared to ZTA; the crack directly propagated through these grains, showing transgranular tendency. ZTA samples show more crack deflection due to the presence of t → m phase transformation during the crack propagation. A similar observation was reported by previous authors [16, 17] . The behavior of crack propagation for Al 2 O 3 would suggest that Al 2 O 3 fracture toughness is lower compared to ZTA. The values of fracture toughness for Al 2 O 3 and ZTA are 2.85 ± 0.40 MPa · √m and 4.42 ± 0.35 MPa · √m, respectively. Although sintered Al 2 O 3 shows a larger grain size (4.30 ± 3.00 μm) compared to ZTA, their fracture toughness was reported to be lower [11] . Fig. 3 shows the indentation profile for the sample ZTA-MgO with 0 wt.% CeO 2 . An enlarged view of one crack path is shown in an inset in Fig. 3 . The crack path, as can be seen in the inset, indicates the crack propagation with associated crack deflection behavior on the surface. [1, 8, 18, 19] suggest that the transformation toughening inside ZTA is an efficient mechanism that improves the toughness of ceramic composites containing YSZ. Furthermore, addition of CeO 2 also acts as a stabilizing agent. XRD results in Fig. 5 show that the peak for the monoclinic phase decreases with increased addition of CeO 2 . The reduction of the monoclinic phase resulted in the increase of the tetragonal phase, thus promoting more transformation toughening t → m in ZTA ceramic composites. The addition of CeO 2 also decreases the monoclinic phase, as shown at 28°and 32°Bragg angles. Previous work done by Huang et al., who studied the reduction of CeO 2 in ZrO 2 ceramics, also shows a reduction of the monoclinic phase with the addition of CeO 2 [20] . The reduction of the monoclinic phase in ZTA-MgO-CeO 2 system increases the overall toughness of the ceramic composite. This is due to the presence of more tetragonal ZrO 2 , which promotes the transformation toughening mechanism. A similar observation was also reported by Azhar et al. and Rejab et al. on the ZTA-Cr 2 O 3 system where the presence of Cr 2 O 3 can be used to lower the presence of the monoclinic phase. The presence of monoclinic zirconia phase was an unavoidable Therefore, due to the loss of this tetragonal phase in YSZ, the toughness also decreases. Table 3 shows the results of phase percentage area of each ZTA-MgO-CeO 2 composite. It is proven that the addition of CeO 2 does reduce the tetragonal phase; hence, the decrease of fracture toughness is due to the loss of tetragonal phase. The percentage of yittria doped zirconia (Zr 0.935 Y 0.065 ) O 1.968 phase (tetragonal structure) dropped from 18.35% to 12.36%. The highest reduction recorded for α-Al 2 O 3 (corundum) was from 81.71% to 38.54%. High phase percentage reduction for α-Al 2 O 3 refers to the presence of residual stress which is shown through some shifting in α-Al 2 O 3 and YSZ peaks that were observed due to CeO 2 addition. The XRD peak shift occurred due to the presence of residual stress as the ionic radii for Ce 4+ (0.96 ) and Al 3+ (0.51 ) and differs significantly in the case of a substitutional solid solution. The stress relieved from the sintering process contributed to the peak shifting in the XRD pattern of ZTA-MgO-CeO 2 composites. The crack propagation behavior of ZTA-MgO-CeO 2 composites are known to affect the fracture toughness of the samples [19] . The results for fracture toughness and Vickers hardness are shown in Fig. 7 . The results of fracture toughness increased from 5.75 ± 0.33 MPa · √m to 6.59 ± 0.23 MPa · √m with the addition of 1.0 wt.% of CeO 2 . According to the XRD pattern (Fig. 5) , addition of CeO 2 reduces the monoclinic phase, as shown at 28°and 32°Bragg angles. Due to the disappearance of the monoclinic phase, the fracture toughness of the ZTA sample increased from 5.75 MPa · √m to 6.59 MPa · √m with the addition of 1.0 wt.% of CeO 2 . Furthermore, the increment in the intrinsic toughness of alumina matrix and toughening mechanism introduced by zirconia particles as transformation toughening (t → m) also contributed to the increase in fracture toughness. However, secondary phase (CeAl 11 O 18 ) was detected at 5.0 wt.% and 7.0 wt.% of CeO 2 addition which decreased the fracture toughness to 5.72 ± 0.25 MPa · √m (5.0 wt.% of CeO 2 ) and 5.58 ± 0.20 MPa · √m (7.0 wt.% of CeO 2 ), respectively. The sample with 1.0 wt.% CeO 2 addition showed the highest value which is 6.59 ± 0.23 MPa · √m. The increase of the fracture toughness of the ZTA-MgO-CeO 2 compositions, as compared to the ZTA compositions, is obvious from the presence of crack deflection and bridging. Both cracks brought about by the crack diffusion process absorb the fracture energy and inhibit cracks from expanding to improve fracture toughness [23] . The result of Vickers hardness increased from 14.51 GPa to 14.99 GPa with the addition of 1.0 wt.% CeO 2 . However, the addition of more CeO 2 led to a decrease in Vickers hardness values, from 14.99 GPa to 14.15 GPa. The decrease of Vickers hardness is possibly due to the presence of secondary phase of CeAl 11 O 18 . Theoretically, polycrystalline materials with finer grain size would give higher Vickers hardness while materials with coarser grain size will give higher values of fracture toughness. In the current study, it was found that ZTA with 1.0 wt.% of CeO 2 gave the highest Vickers hardness due to the maximum bulk density obtained (4.28 g/cm 3 ). The trend of Vickers hardness increased along with the results of bulk density only up to 1.0 wt.% of CeO 2 . However, further addition of CeO 2 caused the bulk density to decrease due to the presence of secondary phase CeAl 11 O 18 . The decrease of bulk density led to the decrease of Vickers hardness. For fracture toughness, the trend showed an increase until 1.0 wt.% of CeO 2 . The increase is attributed to the increase of Al 2 O 3 grain size with further addition of CeO 2 . According to the grain size measurements in Fig. 8 , it can be stated that CeO 2 additions of 0.5-7.0 wt.% efficiently promoted grain growth of Al 2 O 3 . However, when the addition of CeO 2 was 5 wt.% and above, CeAl 11 O 18 phase started to form and caused a decrease in the composite fracture toughness.
The appearance of CeAl 11 O 18 is significant because it affects the fracture toughness and Vickers hardness of the ZTA-MgO-CeO 2 composites. The presence of CeAl 11 O 18 is confirmed by the representative micrographs of ZTA-MgO-CeO 2 samples shown in Fig. 9 . The bright and dark contrast grains correspond to YSZ and Al 2 O 3 grains, respectively. The size of Al 2 O 3 grains was inhibited due to the presence of YSZ grains. A similar micrograph observation was also reported by Azhar et al. The appearance of small fine grain size of Al 2 O 3 is known to increase the hardness of ceramic composites. According to the grain size measurements in Fig. 8 , it can be stated that CeO 2 additions of 0.5-7.0 wt.% efficiently promote grain growth of Al 2 O 3 . Average grain size increased approximately 38% with the addition of 7.0 wt.% of CeO 2 . In this range, the largest average grain size for Al 2 O 3 obtained was the one corresponding to the sample with 5.0 wt.% (2.98 ± 0.56 μm); the smallest average grain size was obtained for the sample ZTA-MgO without CeO 2 addition (2.14 ± 0.82 μm). Furthermore, in the case of YSZ grains, the average grain size was (1.70 ± 0.41 μm) with increased CeO 2 additions. The formation of elongated grains of CeAl 11 O 18 in the matrix of finegrained Al 2 O 3 was observed in the composites containing 5.0 and 7.0 wt.% CeO 2 . Furthermore, the average length of CeAl 11 O 18 grains was found to increase with the addition of CeO 2 . The formation of CeAl 11 O 18 promotes bonding between Al 2 O 3 and CeO 2 , which also has a contributing effect on the mechanical properties of the composite. Moreover, CeO 2 exhibits sensitivity to the sintering atmosphere and can form nonstoichiometric oxides such as Ce 2 O 3 when sintering at low oxygen pressure atmosphere [22] . As shown in Fig. 9 , the addition of In polycrystalline materials, samples with finer grain size will have higher Vickers hardness compared to polycrystalline materials with a larger grain size. This is due to the movement of dislocations between grains. These movements of dislocations provide a mechanism for planes of atoms to slip and results in plastic or permanent deformation. The movement allowed by these dislocations causes a decrease in the material's hardness. Furthermore, in polycrystalline materials, line defects or dislocations provide a mechanism for planes of atoms to slip, thus becoming a method for plastic or permanent deformation to happen. Planes of atoms can effectively flip from one side of the dislocation to the other, allowing the dislocation to traverse through the material and the material to deform permanently. The movement allowed by these dislocations causes a decrease in the material's hardness. When a dislocation intersects with a second dislocation, it can no longer traverse through the crystal lattice. The intersection of dislocations or crystal lattice with different arrangements of neighboring grains will create an anchor point and does not allow the planes of atoms to continue to slip over one another. For samples with finer grain size (ZTA-1.0 wt.% CeO 2 ), the movement of dislocations are restricted since the arrangement of crystal lattice is different to neighboring grains, creating more anchor points. Additional energy is required for the dislocation to traverse to neighboring grain, thus increasing the hardness. The density of all samples was measured by Archimedes' principle using water as the immersion medium. The theoretical density of the sample was determined based on the rule of mixtures (ROM) for the composite ceramics prepared. A theoretical density of approximately 99.0% was obtained for all ZTA-MgO and ZTA-MgO-CeO 2 compositions. Fig. 10 shows the comparison of theoretical density and bulk density of sintered ZTA-MgO composite as a function of CeO 2 additions. The increment of bulk density values followed the theoretical values from 0.0 until 1.0 wt.% of CeO 2 additions. However, a decrease in bulk density was observed as the content of CeO 2 increased. The ZTA-MgO composition without CeO 2 addition showed a density of 4.18 g/cm 3 . In samples with CeO 2 addition, densification was promoted and showed a maximum density at 1.0 wt.% of 4.28 g/cm 3 . Further addition resulted in decreased density which corresponds to the presence of abnormal growth of elongated CeAl 11 O 18 grains.
The Vickers hardness values were found to be highest in samples with the addition of 1.0 wt.% CeO 2 . This is because the bulk densities observed were at maximum values (4.28 g/m 3 ) with 0.48% porosity and 6.59 ± 0.23 MPa · √m of toughness. The densities calculated for samples within the range of 0.0 to 1.0 wt.% of CeO 2 addition were in line/ proportional with theoretical density. However, a contrary observation was found in samples with 5.0 to 7.0 wt.% of CeO 2 addition. It is suggested that the decrease is due to the presence of CeAl 11 O 18 phase in ZTA-MgO ceramic. The addition of CeO 2 at certain wt.% (1.0-7.0 wt.%) in ZTA-MgO composites were found to have contributed to the formation of elongated grains (CeAl 11 O 18 ) while the reduction in ZTA-MgO toughness and densities is due to changes in grain shape during coarsening [24] . Another factor that is closely related to density is porosity. Porosity is a defect which affects the density the most because porosity is inversely proportional to density. However, this is contradictory to author's [25] works. In addition, it is common for the porosity to increase with an increase in density. The addition of various amounts of CeO 2 (wt.%) densified ZTA-MgO composites (Fig. 10) . Thus, from Fig. 10 , it is believed that the presence of CeAl 11 O 18 phases in ZTAMgO-CeO 2 composites has critically influenced the density and porosity of the final product.
Conclusion
Toughened ZTA-MgO ceramics with different amounts of CeO 2 addition were prepared and then analyzed. The resulting microstructure differed in grain size and shape, depending on the amount of CeO 2 added. The crack propagation behavior corresponds to each microstructure change with respect to these characteristics. The ZTA sample with 0.7 wt.% MgO exhibited crack deflection with a fracture toughness value of 6.19 ± 0.26 MPa · √m. However, the compositions with CeO 2 addition of 0.5 to 1.0 wt.% showed increased crack bridging and deflection with fracture toughness ranging from 5.78 ± 0.16 MPa · √m to 6.59 ± 0.23 MPa · √m. The addition of CeO 2 was found to significantly enhance both hardness and fracture toughness of ZTA-MgO composites. The Vickers hardness increased from 14.51 GPa to 14.99 GPa with the addition of 1.0 wt.% CeO 2 , while the fracture toughness increased to 6.59 ± 0.23 MPa · √m with 1.0 wt.% CeO 2 addition. However, the presence of CeAl 11 O 18 reduced the Vickers hardness and fracture toughness of the overall ceramics, which is in agreement with observations made by Akin et al. [22] . 
